The prion protein (PrP), through misfolding, is widely known for its causative role in prion diseases, which are transmissible neurodegenerative diseases of humans and animals. There is still no defined function assigned to PrP, especially in the central nervous system, despite many studies in this area. Proposed functions are protean and include signal transduction, neuroprotection, neurogenesis, neuritogenesis, metal-ion homeostasis, memory formation and consolidation, as well as circadian rhythms (Nicolas et al., 2009). Part of the difficulty in assigning a specific function to PrP could perhaps be that it does not have one single function. Instead it might be able to perform many functions and influence various pathways depending upon contextual post-translational modification.

PrP has been shown to undergo various post-translational modifications including glycosylphosphatidylinositol (GPI)-anchor attachment at its C-terminus, N-linked glycosylation at either or both of two locations, phosphorylation, metal ion co-ordination at no less than six sites, secretory cleavage close to the GPI-anchor and endoproteolytic cleavage at three or more sites (Haigh et al., 2010). Whilst all of these modifications may change mature PrP in ways that potentially alter its function or site of function, endoproteolytic cleavage creates new peptides with distinct features that are likely to contribute to the diversity of functions reported for this protein.

Alpha-(α-) and beta-(β-)cleavages of PrP were first characterized as constitutive processing events in both normal and diseased human brain twenty years ago (Chen et al., 1995). The cleavage sites and resultant fragments are shown schematically in **[Figure 1](#F1){ref-type="fig"}**. The C-terminal fragments persist at detectible levels in cells post-cleavage, whereas the N-terminal fragments are likely secreted or released from cells and are detectible in the culture media. PrP cleavage differs depending upon cell type. In certain cells PrP can be over 50% α-cleaved suggesting that this processing may be part of its normal functioning (Lewis et al., 2009). The different properties and fates of the cleavage fragments further support that this cleavage is unlikely to represent a mere degradation step in the turnover of PrP but instead produces functional proteins. Indeed the different ratios across cell types may reflect the different functions of CNS cells. The β-cleavage event has traditionally been thought to be pathogenic as the relative amounts of cognate fragments are increased during prion disease (Chen et al., 1995). However, a cellular inability to undergo β-cleavage was found to result in a heightened susceptibility to cellular stress, which indicated that the produced N2/C2 fragments were also likely to be functional (Watt et al., 2005). For both α- and β-cleavages the specific site of cleavage is "ragged" with these cleavages located either side of a charged cluster domain, defining which new peptide contains this basic domain.

![Schematic representation of the prion protein (PrP) cleavage sites.\
Linear representation of the PrP primary sequence based on murine amino acid numbering. Shown are major domains within the protein and their location following cleavage (note that cleavage events are ragged). Metal ion binding sites, potential N-linked glycosylation sites and the locations of the cysteines forming the di-sulphide bridge are also indicated (S).](NRR-11-238-g001){#F1}

Recently a further cleavage event has been extensively characterized (Lewis et al., 2015). Referred to as "gamma-cleavage", this event occurs in the C-terminal structured domain and therefore produces fragments with very different features to both the α- and β-cleavages. A functional significance is yet to be assigned to this processing event but its presence in multiple cells and tissues, and in disease, suggests that the fragments produced are likely to exert cellular effects distinct to those produced by the other PrP constitutive processing events.

Our prior research has shown that the N2 fragment (and shorter fragments thereof that include the far N-terminal residues) display an anti-oxidant, neuroprotective function in response to the mild stress of serum starvation (Haigh et al., 2009a). This function required the N-terminal amino acids to be intact, including the structure conferred on the first charged cluster domain (residues 23--38) by the two proline residues at positions 26 and 28. Anti-oxidant function was further influenced by the octarepeat region and its copper-saturation, requiring a minimum of two copper molecules available for co-ordination into this site. N2 interaction with the cell surface required intact lipid rafts and heparan sulphate containing proteoglycans and if these were absent transduction of the protective effect was abolished. It was later shown that the cell surface engagement of N2 was also influenced by copper binding, directing the N2 internalisation pathway, which in turn permitted the specific activation of MEK1 in the absence of MEK2 or ERK1/2 activation (Haigh et al., 2015a). The outcome of the MEK1 activation was lower lysosomal and mitochondrial reactive oxygen species production. Therefore, two post-translational modifications of PrP, specifically β-cleavage and metal ion co-ordination, appear to co-operatively regulate and orchestrate N2 signalling, underscoring that the various permutations of post-translational modifications may determine PrP functional modulation. Further illustrating this, combinations of post-translational PrP modifications is not restricted to influencing MEK1 but has also been shown to alter other signalling pathways. For example, copper ion binding alters α-cleavage profiles as a function of membrane fluidity and lipid raft integrity and this correlates with downstream activation of the ERK1/2, p38 and JNK signalling pathways (Haigh et al., 2009b). Therefore, not only may cleavage be a function modifying event but the cellular consequences may be highly dependent upon the precise micro-environment context in which PrP exists.

Like the N2 cleavage fragment, N1 has also been shown to exert neuroprotective functions, counteracting staurosporine toxicity and hypoxia by reducing caspase-3 activation through modulating p53 protein levels and activity (Guillot-Sestier et al., 2009). Of interest, despite acting on different pathways, both N1 and N2 bind anionic synthetic lipid membranes at low pH. They integrate between the lipid head groups but do not significantly penetrate between the acyl tails and so the interactions are non-disruptive (Le Brun et al., 2014). The N1 peptide demonstrates a greater affinity for lipids than the N2. The lipid binding propensity of these peptides may function to sequester them, possibly to quench their function or alternatively to protect them from degradation and preserve their functional life-time. Additionally, lipid intercalation may serve to order membrane micro-domains for signal protein activation or to direct peptide trafficking, ensuring activation of specific signalling pathways. In anionic model membranes N1 and N2 peptide binding indeed results in alterations in lipid order (Le Brun et al., 2014). Despite N1 demonstrating a higher binding affinity for lipids, in a cellular context lipid changes appear to be influenced to a greater extent through N2 neuroprotective activity (Haigh et al., 2015b). Serum starvation of cells induces a number of changes in their lipid environment, including changes affecting phosphatidylserine and phosphatidic acid, with which both N1 and N2 interact. Through unresolved mechanisms, the N2 peptide (but not N1) was able to normalise these cellular changes during serum starvation. This could indicate that the extra poly-basic region alters engagement of membrane binding partners to such an extent that N1 and N2 exert their neuroprotective effects in different ways. A stronger binding affinity of N1 for membrane lipids may result in it being bound sufficiently tightly to prevent release for performing its function or ensure preferential binding to other partners to instigate transduction through a different signalling cascade.

Understanding the precise mechanisms underpinning the link between PrP functions and constitutive cleavage may prove valuable for understanding failing processes in disease and aging. Whilst C2 levels are increased during prion disease, possibly pathogenically (Chen et al., 1995), increased levels of C1 or PrP secretory cleavage have been shown to be protective against the uptake of prion infection (Lewis et al., 2009). The protective nature of C1 is thought to arise due to the α-cleavage site being located in the middle of a 'toxic domain' (amino acids at 106-126), which is thought to be important for efficiency of conversion into misfolded PrP. Whilst C1 may be protective in the context of prion disease, it has also been linked with signalling cellular death through p53 and caspase 3, in a pathway opposed by its counterpart N1 (Sunyach et al., 2007; Guillot-Sestier et al., 2009). No function has yet been found for C2, with an assumption that it is an inert substrate available for pathogenic misfolding during prion disease. With so many potential influences and different pathways to consider when attempting to discern functions of these fragments it could be a long time before a definitive function, or lack thereof, can be assigned to this fragment.

Beyond the causative role of PrP misfolding in prion diseases, cellular PrP has also been implicated in transducing the toxic signals that cause Alzheimer\'s pathology. Of special interest, the N1 fragment has been shown to bind to the soluble beta-amyloid (Aβ) peptides associated with AD pathogenesis offering neuroprotection (Guillot-Sestier et al., 2012). N1 binding to soluble Aβ oligomers is thought to block their engagement with PrP at the cell surface and thereby prevent damaging signal transduction through fyn and tau. The N1/C1 cleavage event may be doubly protective as the important Aβ binding domain is thought to fall within the amino acids between the α- and β-cleavage sites. As a result, the membrane attached C1 fragment lacks the soluble Aβ-oligomer binding domain and so should be unable to transduce any toxic signals. The C2 fragment, however, contains this amino acid region and so the β-cleavage event may still be detrimental during Alzheimer\'s disease, permitting toxic signalling to occur. The lack of the N-terminus when soluble Aβ oligomers bind C2 however, may also result in different cellular engagements thereby modulating signal transduction and neuronal outcome.

Understanding the influence of PrP cleavage on pathways regulating neuronal function are likely to not only provide significant information on the cellular failures that underscore or correlate with neurodegeneration but also produce insight into the role these cleavage fragments may have in the regenerative processes of the brain. Endogenous expression of PrP stimulates the activity of adult neural stem cells (Steele et al., 2006) yet the role of PrP cleavages within these cells remains to be determined. Clarifying the importance of PrP cleavage events and the resulting fragments, either as autocrine or paracrine intermediates, in neural stem cell growth and differentiation will enable us to judge whether there is potential to preserve, rescue or enhance regenerative processes by modifying PrP processing events.

In conclusion, there are many more regulatory influences both singly and in combination that must be considered before we can claim a thorough understanding of the functional roles of constitutive or inducible PrP cleavage within the cell. Nevertheless, cumulative data to date strongly suggests that constitutive PrP processing is not an irrelevant epiphenomenon of cellular turnover but regulated, precise and controlled events for specific ends. Cleavage profiles differ across different cell types (Lewis et al., 2009) and evidence so far suggests functional outcomes of cleavage are likely to differ and be context specific. The precise cellular locations of the cleavage events and of the resulting fragments, whether processing occurs at the cell surface and whether N-terminal fragments act in cis or trans, the enzymes controlling these events, the membrane micro-milieu, and dynamic rather than absolute cleavage levels may all potentially impact functional consequences. Until the various nuances of combined post-translational modifications of PrP coupled with cleavage events in different contexts and in different tissues are fully elucidated, PrP appears destined to remain an enigmatic "actor" playing in many apparent functional roles.
